The inspection of wall loss corrosion is difficult at pipe supports due to limited accessibility.. Multi-skip tomography has been developed to reconstruct the wall thickness profile along the axial direction of the pipe using shear wave transducers in a pitch-catch geometry positioned on opposite sides of a pipe support. The method uses model-based full wave field inversion to solve for the wall thickness profile;. Experimental results are encouraging but not yet perfect. Various defects (slot and flat bottom hole) are reconstructed using the tomographic inversion. The general shape and width are well recovered. The current sizing accuracy is in the order of 1 mm. The data indicates the presence of anisotropy in the axial direction of the pipe. The amount of anisotropy is assessed and the forward model is extended to incorporate anisotropy
Introduction
Pipe supports are locations where corrosion quite frequently occurs due to the ingress of water. Inspection of these locations is a difficult task because of accessibility issues. Recently, a new screening method has been developed, called Multi-Skip (or M-Skip®) ultrasonics [1, 3] . This method uses shear waves at typical incidence angles between 45 and 70 degrees that reflect multiple times in the pipe wall. This allows the transmission of shear waves over long distances, which gather information about the wall thickness during propagation. Wall thickness loss manifests itself as a change of travel time. A circumferential scan is used to detect any wall thickness reduction around the pipe at the support location. This method turns out to be very sensitive to detecting the presence of wall thickness loss. However, the travel time changes are proportional to the integral wall thickness loss, while for integrity assessment the deepest corrosion pit is of interest. In this paper we introduce an extension of the Multi-Skip method, called Multi-Skip tomography. This method allows us to construct a wall thickness profile under a pipe support, at a certain circumferential position.
IMAGING BY FOURIER TRANSFORM
The forward modeling procedure is conceptually explained in Fehler! Verweisquelle konnte nicht gefunden werden., using a wave field operator formulation [2] . In Fehler! Verweisquelle konnte nicht gefunden werden., ( ) 0 z S is the emitted wave field from a wedge transducer at the steel-wedge interface. This operator includes elastic transmission effects from the wedge into the steel. The wave field propagation operator , where x is the lateral coordinate. The data matrix for primary reflections, i.e., ignoring multiple reflections can be written as: Figure 1 Schematic illustration of wave propagation model for elastic, anisotropic media. The wave field is generated by an arbitrary source array (S) that describes both the directivity and the signal spectrum. The wave field propagates down (W+) and gets reflected (R+), where the reflection operator describes general, angle dependent, reflectivity. The second propagation (W-) is back to the surface and the detector response is expressed by D. Multiple reflections are generated by the feedback loop.
Inversion scheme
Wave field inversion of Multi-Skip measurements relies on an iterative inversion scheme. An objective function is defined, which is minimized iteratively. In our approach, the objective function consists of three separate terms, the difference between the measured and a smoothness constraint (second derivative). These terms are assigned relative scaling factors:
In order to update the parameters, partial derivatives are calculated:
where J is the Jacobian matrix. The last two terms in the objective function play an important role in regularizing the inversion problem.
Experimental results
Measurements have been performed on a 33 mm thick pipe, using 600 kHz transducers. These transducers have a wide opening angle, the main lobe is directed at 70° in the steel. The transmitting transducer remains stationary and the receiver is moved by a linear scanner. A picture of the experimental set-up is shown in Fehler! Verweisquelle konnte nicht gefunden werden.a. A schematic representation of the measurement set-up is shown in Fehler! Verweisquelle konnte nicht gefunden werden.b. The minimum distance between the transmitter and receiver is normally in the order of 1 m, because this is the area that is blocked by the saddle support, as can be seen in Fehler! Verweisquelle konnte nicht gefunden werden.a. The length of the scan with the receiving transducer is similar to the in accessible area, i.e., about 1 m. The scan step size is 0.5 mm. Some preprocessing is applied on the data, these steps are:
• High resolution filtering to remove Rayleigh wave;
• Estimation of medium velocity (isotropic);
• Compensation for geometrical spreading (2D/3D).
The inversion scheme works in the frequency domain. A group of skip signals are windowed out and used in the inversion. We start at low order skips and gradually increase the range of skips that are included. The first step uses the skips 0 to 4. Then the range is increase using the estimated wall profile from the previous iteration. This approach helps to improve the convergence of the inversion scheme. We have processed data from a number of defects as shown in Figure 3 . The first defect is a slot, which is 120 mm long and 6 mm deep (see Figure 3a) . The second defect is a flat bottom hole, with a diameter of 20 mm and a depth of 6 mm (see Figure 3b) . The third and last defect is a manually machined defect with a varying depth along the axial direction (see Figure 3c) . The inversion results are shown in Figure 4 . There is a coarse parameterization of the backwall and a fine parameterization of the outer wall. This allows us to capture both smooth wall thickness variations as well as local wall thickness variations due to the defect.
The inversion result of the slot is shown in Figure 4a . In all cases, we limited the number of skips to be included to 8. It was found that in case higher skips were included more oscillations started to appear and the profile did not improve. This is contradictory to what we expected; higher orders of skips should contain more detailed information about the defect. The only possible explanation is a mismatch between our forward model and the actual data.
The inversion indicates a maximal wall thickness loss of 5.7 mm, while the real depth is 6.0 mm. The defect is imaged slightly too short, which is, in most cases, of secondary importance. The location of the defect is correctly found around x = 0 m. The black dot at x = -0.5 m indicates that only one source was used to invert for the wall thickness profile, while much more data is available. When using multiple sources we again noticed that the inversion results deteriorated, also hinting towards a mismatch between the forward model and the data.
The inversion results of the flat bottom hole are shown Figure 4b . Although the defect is really small, it is detected and imaged at the correct location. The depth found from the inversion is 4.3 mm, while the actual depth is 5.9 mm. This is a significant under-sizing of the actual depth, but due to its small size, it is a quite challenging case. Figure 4c shows the inversion result on the manually machined defect, the general trend is correctly found. The largest depth is 4.4 mm, while the actual deepest point has a depth of 4.7 mm. This is a fairly good result.
As mentioned before, we expect a difference between the forward model and the data. In the current inversion scheme, we assume an isotropic medium. Because we do not see improvement when using multiple sources or increasing the skip order, we expect that there may be some anisotropy in the medium. This is investigated further is the next section. 
Analysis of anisotropy
We expect some anisotropy in the plate, as this would cause the skips to arrive at slightly different locations along the surface. In the inversion we minimize the amplitude difference between the modeled and measured data for a group of skips at one frequency. The defect interaction leaves a clear imprint on each skip. In case of anisotropy, these responses would shift along the surface compared to the isotropic case. This would introduce inconsistencies. We have acquired a scan along the pipe at a location without any defects. This scans start about 10 cm away from the source and the total scan length is about 1.8 m. From this data it is possible to window two consecutive skips. Two dimensional deconvolution performed in the wave number domain gives the up-down propagation through the steel layer but removes the directivity effects of the wedge transducers. This is done for skips 3 and 4 and skips 7 and 8. Initially we fit an isotropic velocity model to the data. The optimal model fit is shown in Figure 5 An anisotropic model is now fitted to the data, where the angle dependence of the shear wave velocity is modeled as:
where is the angle with the normal on the surface and is the anisotropy parameter. The optimal fit is shown in Figure 6 . The angle dependent velocities for the isotropic and anisotropic models are shown in Figure 7 for the two skip pairs. There is clearly a significant amount of anisotropy, from 0° to 90° the velocity changes with 90 m/s. There is clearly a significant amount of anisotropy, which we need to incorporate in our forward modeling.
a) b)
Figure 7 Velocity as function of propagation angle for two different skip pairs, a) skip 3 and 4, b) skip 7 and 8.
Conclusion and future work
We have introduced wave field inversion on multi-skip data to estimate the axial wall thickness profile at inaccessible locations. The resolution that potentially can be achieved with this method is much higher than can be expected from guided wave tomography. This is the main motivation behind this work. Inversion results on experimental data are encouraging, larger defects can be sized fairly accurately. Larger defects are sized with an accuracy better than 0.5 mm, but very small defects are not correctly sized. There are many indications that an isotropic medium model in the inversion kernel does not provide sufficient accuracy. Detailed analysis of the velocity versus angle indicates anisotropy in the plate. The velocity changes with 90 m/s between 0° and 90°. Anisotropic wave propagation can be implemented relatively easily and we expect that this will further improve the results.
